In humans, exposure to contexts previously associated with heroin use can provoke relapse. In rats, exposure to heroin-paired contexts after extinction of drug-reinforced responding in different contexts reinstates heroin seeking. This effect is attenuated by inhibition of glutamate or dopamine transmission in nucleus accumbens shell, or inactivation of ventral medial prefrontal cortex (mPFC). Here, we used an anatomical asymmetrical disconnection procedure to demonstrate that an interaction between glutamatergic projections from ventral mPFC to accumbens shell and local dopamine D 1 postsynaptic receptors contributes to context-induced reinstatement of heroin seeking. We also combined the marker of neuronal activity, Fos, with the retrograde tracer Fluoro-Gold to assess activation in this pathway during context-induced reinstatement. Rats were trained to self-administer heroin for 12 d; drug infusions were paired with a discrete tone-light cue. Lever pressing was subsequently extinguished in a nondrug-associated context in the presence of the discrete cue. Rats were then tested in the heroin-or extinction-associated contexts under extinction conditions. Injections of muscimol ϩ baclofen into ventral mPFC in one hemisphere and D 1 -family receptor antagonist SCH 23390 into the contralateral or ipsilateral accumbens shell decreased context-induced reinstatement. Unilateral injections of muscimol ϩ baclofen into ventral mPFC or SCH 23390 into the accumbens shell had no effect. Context-induced reinstatement was associated with increased Fos expression in ventral mPFC neurons, including those projecting to accumbens shell, with higher double-labeling in the ipsilateral projection than in the contralateral projection. Our results demonstrate that activation of glutamatergic projections from ventral mPFC to accumbens shell, previously implicated in inhibition of cocaine relapse, promotes heroin relapse.
Introduction
Exposure to environmental contexts associated with heroin intake can provoke drug relapse in humans (Wikler, 1973; O'Brien et al., 1992) . We adapted an ABA renewal procedure (Bouton and Bolles, 1979) to study the role of drug-associated contexts in drug seeking (Crombag and Shaham, 2002) . Using this procedure, we and others have found that re-exposing rats to drug-associated contexts after extinction of drug-reinforced responding in different contexts reinstates heroin seeking (Bossert et al., 2004) , cocaine seeking (Fuchs et al., 2005) , alcohol seeking (Zironi et al., 2006; Hamlin et al., 2007) , or nicotine seeking (Diergaarde et al., 2008) .
We previously identified roles of dopamine and glutamate transmission in accumbens shell, but not in core, in contextinduced reinstatement of heroin seeking (Bossert et al., 2006a (Bossert et al., , 2007 . We also found that context-induced reinstatement is attenuated by reversible inactivation of ventral medial prefrontal cortex (mPFC) (ventral part of prelimbic and infralimbic cortices) , which sends glutamatergic projections to accumbens shell (Sesack et al., 1989; Groenewegen et al., 1999) . Neuronal activity in accumbens shell is dependent on both glutamate and dopamine D 1 -receptor-mediated neurotransmission (O'Donnell, 2003) , and there is evidence that cues that predict drug availability increase dopamine release in nucleus accumbens (Weiss et al., 2000) . Thus, we hypothesized that synergistic activation of both dopamine D 1 postsynaptic receptors and cortical glutamatergic projections is required for accumbens shell to mediate context-induced reinstatement of heroin seeking (Crombag et al., 2008 ). Here, we tested this hypothesis by using a variation of an anatomical asymmetrical disconnection procedure in which we inactivated ventral mPFC neurons in one hemisphere and blocked activation of dopamine D 1 -receptors in the accumbens shell of the contralateral hemisphere during context-induced reinstatement of heroin seeking. In the classic asymmetrical disconnection procedure, which was previously employed to study roles of neuronal pathways in drug seeking (Belin and Everitt, 2008; Peters et al., 2008; Millan et al., 2010) and other learned behaviors (Everitt et al., 1991; Floresco et al., 1997) , unilateral manipulations, such as permanent or reversible lesions or receptor blockade, are made in contralateral or ipsilateral hemispheres of two different anatomically connected structures. The role of a putative serial neuronal pathway in a given behavior is then inferred when behavior is disrupted by the contralateral but not by ipsilateral manipulation (Gaffan et al., 1993; Setlow et al., 2002) .
Surprisingly, both the contralateral and ipsilateral manipulations inhibited context-induced reinstatement, suggesting that both the dense ipsilateral and sparse contralateral glutamatergic projections from ventral mPFC to accumbens shell (Sesack et al., 1989) are activated during reinstatement. We tested this idea by combining the neuronal activity marker Fos (Sagar et al., 1988) , to identify neurons activated by the heroin-associated context, with labeling accumbens shell-projecting ventral mPFC neurons via unilateral iontophoresis injections of the retrograde tracer Fluoro-Gold (FG) (Schmued and Fallon, 1986) into accumbens shell. Colocalization of FG with Fos was assessed in both ipsilateral and contralateral ventral mPFC after tests for context-induced reinstatement or extinction tests. We found that context-induced reinstatement was associated with Fos induction in FG-positive neurons that project to both ipsilateral accumbens shell and contralateral accumbens shell, which together with our neuropharmacological "disconnection" data, suggest that projections from ventral mPFC to accumbens shell contribute to context-induced reinstatement of heroin seeking.
Materials and Methods
Subjects. Male Long-Evans rats (Charles River) weighing 350 -450 g were used. After surgery, the rats were housed individually in the animal facility under a reverse 12 h light/dark cycle (lights off at 8:00 A.M.). Food and water were freely available in the rats' home cages throughout the experiment. Experimental procedures followed the guidelines of the Principles of Laboratory Animal Care (NIH publication no. 86-23, 1996) . Twentyseven rats were excluded due to misplaced cannulas (n ϭ 5) or FG tracer deposit (n ϭ 9) or by failure to meet an extinction criterion of a mean of less than 25 responses per 3 h over 3 d after 22 extinction sessions (n ϭ 13).
Intracranial and intravenous surgery (Experiment 1 and Experiment 2). Rats were anesthetized with sodium pentobarbital and chloral hydrate (60 and 25 mg/kg, i.p.), and permanent guide cannulas (23 gauge, Plastics One) were implanted unilaterally 1 mm above ventral mPFC and 1 mm above medial accumbens shell in the ipsilateral or contralateral hemisphere. We used stereotaxic coordinates (Paxinos and Watson, 2005 ) based on our previous work and that of others (Ikemoto et al., 2005; Bossert et al., 2007; Rogers et al., 2008; Koya et al., 2009a) . The coordinates (nose bar set at Ϫ3.3 mm) for ventral mPFC were anteroposterior (AP) ϩ 3.0 mm, mediolateral (ML) Ϯ1.5 mm (10°angle), and dorsoventral (DV) Ϫ 4.3 mm; for contralateral accumbens shell the coordinates were AP ϩ 1.7 mm, ML Ϯ 3.8 mm (25°angle), and DV Ϫ 6.8 mm; and for ipsilateral accumbens shell the coordinates were AP ϩ1.7 mm, ML Ϯ1.6 mm (20°angle), and DV Ϫ7.2 mm. Because of stereotaxic constraints, cannulas for ipsilateral medial accumbens shell were inserted at a 20°angle from the contralateral hemisphere through the midline (Ikemoto et al., 2005) . Following cannula implantation, silastic catheters were inserted into the jugular vein as described previously (Bossert et al., 2004 (Bossert et al., , 2006a Lu et al., 2004) . Catheters were attached to a modified 22 gauge cannula and mounted to the rat's skull with dental cement. Buprenorphine (0.1 mg/kg, s.c.) was given after surgery to relieve pain, and rats were allowed to recover for 7-10 d before heroin self-administration training. During the recovery and training phases, catheters were flushed every 24 -48 h with gentamicin (Butler Schein, 5 mg/ml) and sterile saline. At the end of Experiment 1 and Experiment 2, the rats were deeply anesthetized, decapitated, and their brains were removed for verification of cannula placements. In Experiment 3, the rats were perfused after anesthesia as described below in Double labeling Fos-FG immunohistochemistry.
Iontophoresis of retrograde tracer and intravenous surgery (Experiment 3)
. Rats underwent i.v. catheterization surgery before heroin selfadministration training and underwent retrograde tracer surgery between training and the start of the extinction phase. For i.v. catheterization, rats were anesthetized, catheterized, and recovered as described above, with the exception that catheters were attached to a modified 22 gauge cannula cemented to polypropylene mesh (Small Parts Inc.) and fixed in the mid-scapular region. For the tracer surgery, rats were anesthetized as described above and secured in a stereotaxic apparatus. The FG injection procedure was based on previous work from the Morales laboratory (Morales and Wang, 2002; Yamaguchi et al., 2011) . FG (1% in cacodylate buffer, pH 7.5) (Schmued and Fallon, 1986; Divac and Mogensen, 1990) was delivered iontophoretically unilaterally into medial accumbens shell [AP ϩ1.7 mm, ML Ϯ 2.0 mm (10°angle), DV Ϫ7.5 mm] through a stereotaxically positioned glass micropipette (inner tip diameter 50 m) by applying 4 A current in 5 s on/off pulses for 20 min. The micropipette was left in place for an additional 5 min to prevent backflow of tracer up the injection track, and iontophoresis into left or right hemisphere was alternated. Rats were given 6 -9 d of recovery before the extinction phase began (see below, Experiment 3).
Intracranial injections. SCH 23390 hydrochloride (Tocris, Ellisville, MO) and muscimol ϩ baclofen (Tocris Bioscience) were dissolved in sterile saline and injected 5-10 min before testing. Doses of SCH 23390 hydrochloride (1.85 nmol/0.5 l/side) and muscimol (0.03 nmol/0.5 l/side) ϩ baclofen (0.3 nmol/0.5 l/side) were based on previous studies (McFarland and Kalivas, 2001; Bossert et al., 2007; Rogers et al., 2008; Koya et al., 2009b) . Intracranial injections were made using a syringe pump (Harvard Apparatus) connected to 10 l Hamilton syringes that were attached via polyethylene-50 tubing to 30 gauge injectors. SCH 23390, muscimol ϩ baclofen, and vehicle (saline) injections were made over 1 min, and the injectors were left in place for 1 min. After testing, the rats were deeply anesthetized, decapitated, and brains were removed and stored in 10% formalin before sectioning. Using a cryostat (Leica Microsystems), the brains were sectioned in the coronal plane (50 m), mounted on gelatin-coated slides, and stained with Cresyl Violet. Brains were then verified for cannula placement under a light microscope.
Double labeling Fos-FG immunohistochemistry. The Fos, FG, and Fos ϩ FG immunohistochemistry procedures are based on previous reports (Morales et al., 1998; Morales and Wang, 2002; Shalev et al., 2003; Miller and Marshall, 2005; Bossert et al., 2011; Yamaguchi et al., 2011) . We also performed extensive pilot studies to optimize the conditions for the FG ϩ Fos double-labeling assay to eliminate nonspecific labeling and crossreactivity between the different antibodies, using established criteria from the Morales laboratory.
Ninety minutes after exposure to Context A or Context B, rats were deeply anesthetized with isoflurane (ϳ80 s) and perfused transcardially with 100 ml of 0.1 M PBS followed by 400 ml of 4% paraformaldehyde in 0.1 M sodium phosphate, pH 7.4. Brains were removed and postfixed in 4% paraformaldehyde for 2 h before transfer to 20% sucrose in 0.1 M sodium phosphate, pH 7.4, for 48 h at 4°C. Brains were subsequently frozen in powdered dry ice and stored at Ϫ80°C until sectioning. Coronal sections (20 m) containing mPFC and medial accumbens shell (approximately ϩ2.5 to ϩ3.7 mm and ϩ1.2 to ϩ2.2 mm from bregma, respectively) were cut using a cryostat, collected in cryoprotectant (20% glycerol and 2% DMSO in 0.1 M sodium phosphate, pH 7.4), and stored at Ϫ80°C until further processing.
Free-floating sections were rinsed (three times for 10 min each) in PBS, incubated for 1 h in 3% normal goat serum (NGS) in PBS with 0.25% Triton X-100 (PBS-Tx), and incubated overnight at 4°C with rabbit anti-c-Fos primary antibody (c-Fos sc-52, Lot I0309, Santa Cruz Biotechnology) diluted 1:4000 in 3% NGS in PBS-Tx. The sc-52 antibody was raised against amino acids 3-16 of human c-Fos: SGFNADYEASSSRC. Sections were then rinsed in PBS and incubated for 2 h with biotinylated anti-rabbit IgG secondary antibody (BA-1000, Vector Laboratories) diluted 1:600 in 1% NGS in 0.25% PBS-Tx. Sections were again rinsed in PBS and incubated in avidin-biotin-peroxidase complex (ABC; ABC Elite kit, PK-6100, Vector Laboratories) in 0.5% PBS-Tx for 1 h. Sections were then rinsed in PBS and developed in Vector SG (blue/ gray product; Vector SG peroxidase substrate kit, Vector Laboratories). This reaction was terminated by rinsing the tissue in 0.1 M Tris. Sections were rinsed several times, incubated in 0.3% H 2 O 2 for 30 min, and then rinsed before incubation for 1 h in 0.3% PBS-Tx containing 4% bovine serum albumin (BSA) and avidin D (avidin-biotin blocking kit; Vector Laboratories). Sections were then incubated overnight at 4°C with rabbit anti-FG primary antibody (AB153; anti-Fluorescent Gold, Millipore) diluted 1:15,000 in 4% BSA, 0.3% PBS-Tx, and biotin. Sections were then rinsed in PBS and incubated for 1 h with biotinylated anti-rabbit IgG secondary antibody (BA-1000, Vector Laboratories) diluted 1:200 in 4% BSA in 0.3% PBS-Tx. Sections were again rinsed in PBS and incubated in ABC in PBS for 1 h. Sections were then rinsed in PBS and developed in 3,3Ј-diaminobenzidine (DAB), rinsed in PBS, mounted onto chrome alum/ gelatin-coated slides, and air dried. Slides were dehydrated through a graded series of alcohol concentrations (30, 60, 90, 95, 100, 100% ethanol) , cleared with Citrasolv (Fisher Scientific), and coverslipped with Permount (Fisher Scientific).
Because the primary antibodies against c-Fos and FG were raised in rabbit, we tested for a possible cross-reactivity of between the secondary antibody used to label FG with bound c-Fos primary antiserum (Miller and Marshall, 2005) . Some sections were processed for dual detection of c-Fos (Vector SG) and FG (DAB) and either the FG primary or secondary antibodies were omitted. Omission of either FG primary or secondary antibodies produced no anomalous additional labeling that could be interpreted as Fos (data not shown).
We also performed an assay in which we used goat anti-c-Fos primary antibody. Free-floating sections were rinsed (three times for 10 min each) in PBS, incubated in 0.3% hydrogen peroxide (H 2 O 2 ) for 30 min, rinsed three more times in PBS, and incubated for 1 h in blocking buffer 4% BSA in PBS with 0.3% Triton X-100. Sections were then incubated overnight at 4°C with rabbit anti-FG primary antibody (AB153; anti-Fluorescent Gold, Millipore) diluted 1:4000 in blocking buffer. Sections were then rinsed in PBS and incubated for 2 h with peroxidase-conjugated donkey anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories) diluted 1:500 in blocking buffer. Sections were rinsed and the peroxidase reaction was developed in DAB. Sections were rinsed several times, incubated in 0.3% H 2 O 2 for 30 min, rinsed three more times, incubated for 1 h in blocking buffer, and then incubated overnight at 4°C with goat anti-c-Fos primary antibody (c-Fos sc-52-G, Santa Cruz Biotechnology) diluted 1:500 in blocking buffer. Sections were rinsed in PBS and incubated for 2 h with biotinylated horse anti-goat secondary antibody (BA-9500, Vector Laboratories) diluted 1:500 in blocking buffer. Sections were then rinsed and incubated for 1 h in ABC (PK-4000, Vector Laboratories) in 0.5% PBS-Tx. Sections were then rinsed in PBS and developed with an SG peroxidase substrate kit (blue/gray product; SK-4700, Vector Laboratories). Sections were rinsed several times in PBS, mounted onto chrome alum/gelatin-coated slides, and air dried. Slides were dehydrated, cleared, and coverslipped as described above.
Because the number of Fos-immunoreactive (IR)-positive nuclei per mm 2 with the goat anti-c-Fos antibody was significantly lower than that of the rabbit c-Fos antibody in the assay described above [see data in Table 1 (goat c-Fos antibody) versus Fig. 4 (rabbit c-Fos antibody)] and in our previous report , we also tested for differences between the two antibodies in a single-labeled Fos-IR assay using ventral mPFC of a rat injected with yohimbine (2 mg/kg, i.p), which causes strong Fos expression in this brain area (Nair et al., 2011) . We found that Fos-IR detected using the goat anti-c-Fos antibody (136 counts/mm 2 ) was about 60% of the Fos-IR detected by the rabbit c-Fos antibody (216 counts/mm 2 ). The reasons for the lower Fos-IR expression with the goat c-Fos antibody are unknown, but because of this lower expression, we primarily report data from results with the rabbit anti-c-Fos antibody.
Brightfield images of immunoreactive cells in ventral mPFC were digitally captured using an EXi Aqua camera (QImaging) attached to a Zeiss Axio Scope 2, Axio Imager M2, or an Olympus BX51 microscope. The goal was to compare the number of Fos-IR, FG-IR, and double-labeled cells in ventral mPFC in both the ipsilateral and contralateral hemispheres to the FG deposit. FG-IR cells were identified by a brown product in the cytoplasm, Fos-IR cells were identified by a dark blue reaction product in the nuclei, and double-labeled cells were identified by a dark blue nucleus surrounded by brown cytoplasm. For each rat, cells were quantified in two hemispheres of three sections (three ipsilateral counts and three contralateral counts) and the counts were averaged to give a mean number of each immunoreactive cell type per area. Images were captured and analyzed using IVision (4.0.15 and 4.5.0, Biovision Technologies) or Surveyor with Turboscan (Objective Imaging) software at 10ϫ, 20ϫ, and 40ϫ magnification. Image capture and quantification of cells were conducted in a blind manner.
Apparatus and procedures. The rats were trained and tested in standard Med Associates self-administration chambers. Each chamber was equipped with two levers located 9 cm above the grid floor. Lever presses on the active retractable lever activated the infusion pump, whereas lever presses on the inactive nonretractable lever had no programmed consequences. The two contexts differed from each other in terms of their auditory, visual, tactile, and circadian [i.e., morning (session onset at 9:00 A.M.) vs afternoon (session onset at 3:00 P.M.) sessions] cues, using procedures identical to those described in our previous studies (Bossert et al., 2006b (Bossert et al., , 2007 (Bossert et al., , 2009 ). The contexts are referred to as A and B, where A is the heroin self-administration (training) and reinstatement (testing) context, and B is the extinction context. The physical environments of Contexts A and B and circadian cues were counterbalanced.
Procedures. The experiments consisted of three phases: selfadministration training (12 d), extinction training (14 -22 d), and tests for context-induced reinstatement of heroin seeking (1 or 2 
d). The experimental sequence was Context A (training)-Context B (extinction)-Contexts A and B (testing).
Heroin self-administration training and extinction. Rats were trained to self-administer heroin for 3 h/d for 12 d. Heroin (diacetylmorphine HCl; National Institute on Drug Abuse) was dissolved in sterile saline and infused at a volume of 65 l over 2.3 s at a dose of 0.1 (first six sessions) and 0.05 (last six sessions) mg/kg/infusion. During training, heroin infusions were earned under a fixed-ratio-1 (FR1) 2.3 s timeout reinforcement schedule and were paired with a compound tone-light cue for 2.3 s. During the extinction phase (Context B), responses on the previously active lever led to presentation of the tone-light cue but not heroin. Tests for context-induced reinstatement were conducted under extinction conditions (lever presses led to the presentation of the tone-light cue but not heroin) and began after a minimum of 14 daily extinction sessions when the rats met the extinction criterion of a mean of fewer than 25 presses on the previously active lever over the last three extinction sessions.
Experiment 1: effect of unilateral muscimol ϩ baclofen injections into ventral mPFC and contralateral or ipsilateral SCH 23390 injections into medial accumbens shell on context-induced reinstatement. We used 34 rats that were divided into four groups (n ϭ 6 -11) using a 2 (drug condition: vehicle versus muscimol-baclofen ϩ SCH23390) ϫ 2 (disconnection manipulation: ipsilateral versus contralateral injections) experimental design. The two vehicle groups were injected with saline into ventral mPFC of one hemisphere and medial accumbens shell of the same (ipsilateral) or other (contralateral) hemisphere. The drug groups were injected with muscimol ϩ baclofen (0.03 ϩ0.3 nmol/0.5 l) into ventral mPFC of one hemisphere and SCH 23390 (1.85 nmol/0.5 l) into medial accumbens shell of ipsilateral or contralateral hemisphere. Each rat was tested twice with their assigned dose (vehicle or drug): once before exposure to Context A (heroin context) and once before exposure to Context B (extinction context). The tests were separated by 48 h and rats remained in the animal housing room between tests. Rats in the vehicle and drug groups were matched for their heroin intake and the number of active lever presses during training and extinction. The order of testing in Contexts A and B was counterbalanced, as was implantation of cannulas into either the left or right hemisphere in ventral mPFC and ipsilateral or contralateral medial accumbens shell. After testing, the rats were deeply anesthetized, decapitated, and their brains were removed.
To rule out the possibility that the effects of ipsilateral and contralateral drug injections in Experiment 1 are due to motor deficits, 8 rats were trained after the completion of Experiment 1 to lever-press for 45 mg food pellets under an FR1 20 s timeout reinforcement schedule for twelve 30 min sessions. Subsequently, we assessed in two different sessions that were separated by 72 h the effect of vehicle injections into ventral mPFC and accumbens shell or muscimol-baclofen injections into ventral mPFC and SCH 23390 injections into ipsilateral or contralateral accumbens shell on food-reinforced responding. Test sessions were counterbalanced and rats were run in food self-administration sessions on days in between the tests.
Experiment 2: effect of unilateral muscimol ϩ baclofen injections into ventral mPFC or unilateral SCH 23390 injections into medial accumbens shell on context-induced reinstatement. In Experiment 1, we found that both contralateral and, unexpectedly, ipsilateral injections of muscimol ϩ baclofen or SCH 23390 into ventral mPFC or accumbens shell, respectively, decreased context-induced reinstatement of heroin seeking. The purpose of Experiment 2 was to rule out the possibility that these effects are merely due to independent unilateral interruption of neurotransmission in ventral mPFC or accumbens shell. We assessed this possibility by determining the effect of unilateral injection of muscimol ϩ baclofen into ventral mPFC or unilateral injection of SCH 23390 into accumbens shell on context-induced reinstatement.
We used 20 rats divided into three groups (n ϭ 6 -7). The vehicle group was injected with saline into ventral mPFC of one hemisphere and accumbens shell of the ipsilateral or contralateral hemisphere. The muscimol ϩ baclofen group was injected with muscimol ϩ baclofen (0.03 ϩ 0.3 nmol/0.5 l) into ventral mPFC of one hemisphere and saline into accumbens shell of the ipsilateral or contralateral hemisphere. The SCH 23390 group was injected with SCH 23390 (1.85 nmol/0.5 l) into accumbens shell of one hemisphere and saline into ventral mPFC of ipsilateral or contralateral hemisphere. Each rat was tested twice with their assigned dose (vehicle, muscimol ϩ baclofen in ventral mPFC, or SCH 23390 in accumbens shell): once before exposure to Context A (heroin context) and once before exposure to Context B (extinction context). The tests were separated by 48 h, and rats remained in the animal housing room between tests. Rats in the vehicle and drug groups were matched for their heroin intake and number of active lever presses during training and extinction. The order of testing in Contexts A and B was counterbalanced, as well as implantation of the cannulas into either left or right hemisphere in ventral mPFC and ipsilateral or contralateral accumbens shell.
Experiment 3: unilateral iontophoresis of FG into accumbens shell and colocalization of FG with Fos in ipsilateral and contralateral ventral mPFC after a context-induced reinstatement test.
In Experiment 2, we found that unilateral injections of muscimol ϩ baclofen or SCH 23390 into ventral mPFC or accumbens shell, respectively, had no effect on contextinduced reinstatement. Based on this finding, we assessed whether the similar effects of the contralateral and ipsilateral disconnection manipulations in Experiment 1 are due to activation of both ipsilateral and contralateral glutamatergic projections from ventral mPFC to accumbens shell (Sesack et al., 1989; Vertes, 2004) .
We used eight rats that were divided into two groups (n ϭ 4 per group). The Control group (A-B-B) underwent heroin selfadministration training (3 h/d) in Context A and extinction training (3 h/d) and reinstatement testing (90 min) in Context B. The Renewal group (A-B-A) underwent heroin self-administration training in context A, extinction training in context B, and reinstatement testing in context A. The reinstatement test was 90 min because of the known time course of Fos induction after exposure to drug or nondrug stimuli (Curran and Morgan, 1995; . All rats were injected unilaterally with the FG tracer into the accumbens shell between the training and extinction phases and were tested for reinstatement 23-34 d after FG injections. Rats in the Control and Renewal groups were matched for their heroin intake and number of active lever presses during training and extinction, and injections of FG into left or right hemisphere were counterbalanced. At the end of the test session, rats were anesthetized, perfused with PBS and 4% paraformaldehyde, and their brains were removed for subsequent immunohistochemistry.
Statistical analyses. Data were analyzed with ANOVAs or ANCOVAs using the statistical program SPSS (GLM procedure). Significant main effects and interaction effects ( p Ͻ 0.05) were followed by post hoc tests (Fisher PLSD). We used inactive lever presses, a potential measure of response generalization and/or nondirected activity (Shalev et al., 2002) , as a covariate in Experiment 1 and Experiment 2 because contextinduced reinstatement had a modest effect on inactive lever pressing (means of 3.3-7.2 presses/3 h versus 2.0 -5.6 presses/3 h in Contexts A and B, respectively). Because our multifactorial ANOVAs or ANCOVAs yielded multiple main and interaction effects, we only report significant effects that are critical for data interpretation. Additionally, for clarity, post hoc analyses are indicated by asterisks in the figures but are not described in the Results section. Figure 1 A shows mean Ϯ SEM number of heroin infusions and presses on the active and inactive levers for all rats. The rats demonstrated reliable heroin self-administration, as indicated by the increase in lever presses when the heroin dose was decreased from 0.1 to 0.05 mg/kg/infusion on training day 7 ( p Ͻ 0.01). Figure 1 B shows the mean Ϯ SEM number of lever presses on the previously active and inactive levers during the first 12 extinction sessions. As expected, during the extinction phase, response rates decreased over time as evidenced by a main effect of training day ( p Ͻ 0.01). 
Results

Training and extinction
Unilateral muscimol ؉ baclofen injection into ventral mPFC and contralateral or ipsilateral SCH 23390 injection into accumbens shell decreased context-induced reinstatement
Unilateral muscimol ϩ baclofen injection into ventral mPFC combined with either contralateral or ipsilateral SCH 23390 injection into accumbens shell decreased context-induced reinstatement of heroin seeking (Fig. 2 ). Data were analyzed by repeated measures ANCOVA (inactive lever presses as a covariate) using the between-subjects factors of Hemisphere (Ipsilateral Muscimol ϩ baclofen ventral mPFC injection combined with SCH 23390 injection into either the ipsilateral or contralateral accumbens shell had no effect on high-rate food-reinforced responding (mean Ϯ SEM number of active lever presses per 30 min were 243 Ϯ 44 for the vehicle condition and 288 Ϯ 87 and 226 Ϯ 48 for the ipsilateral and contralateral drug injections, respectively, p Ͼ 0.1). These data indicate that the effects of ipsilateral or contralateral drug injections on context-induced reinstatement of lever responding are not due to motor deficits.
Unilateral muscimol ؉ baclofen injection into ventral mPFC or unilateral SCH 23390 injection into accumbens shell had no effect on context-induced reinstatement Neither unilateral muscimol ϩ baclofen injection into ventral mPFC nor unilateral SCH 23390 injection into accumbens shell decreased context-induced reinstatement (Fig. 3) . The ANCOVA analysis (inactive lever presses as a covariate), which included the 
Colocalization of Fos and FG, after unilateral FG injection into accumbens shell, in ipsilateral and contralateral ventral mPFC after a test for context-induced reinstatement
Exposure to the Heroin context (Renewal group) reinstated active lever responding after extinction, as indicated by a significant interaction between Group (Control versus Renewal) and Lever (F (1,6) ϭ 16.2, p Ͻ 0.01) (Fig. 4 A) . FG injections into medial accumbens shell resulted in reliable FG labeling in ventral mPFC and, confirming previous reports (Sesack et al., 1989; Vertes, 2004) , stronger labeling in the ipsilateral hemisphere than in the contralateral hemisphere (F (1,6) ϭ 65.2, p Ͻ 0.01) (Fig. 4 B) . There was no difference between the Control and Renewal groups in the number of FG-labeled neurons in both ipsilateral ( p Ͼ 0.1) and contralateral ( p Ͼ 0.1) ventral mPFC. Contextinduced reinstatement of heroin seeking was associated with a similar induction of Fos-IR nuclei in the ipsilateral and contralateral ventral mPFC (Fig. 4C) , as indicated by a significant effect of Group (F (1,6) ϭ 54.7, p Ͻ 0.01) but not Hemisphere or an interaction between Group and Hemisphere. After accumbens shell FG injections, significantly more Fos-FG double-labeled neurons were observed in ventral mPFC rats in the Renewal group than in the Control group (F (1,6) ϭ 18.0, p Ͻ 0.01) (Fig. 4 D) . Within the Renewal group, there were no significant differences in the proportion of FG-Fos double-labeled neurons in ipsilateral versus contralateral ventral mPFC (Fig. 4 D) , indicating that both the dense ipsilateral project and the sparse contralateral projection from ventral mPFC to accumbens shell are activated during the test for context-induced reinstatement. This finding is supported by subsequent correlation analyses (using Pearson product-moment correlation coefficient, Pearson's r) between active lever presses during testing and either the number of FG-Fos double-labeled cells or the percentage of double-labeled cells [(number of FG-Fos double-labeled cells/ number of total FG cells) ϫ 100] in the Renewal group (n ϭ 4). This analysis revealed high correlations between lever presses and each of the other two variables for both the ipsilateral projection (r ϭ 0.99, p ϭ 0.008 and r ϭ 0.60, p ϭ 0.396 for number of FG-Fos doublelabeled cells and percentage of doublelabeled cells, respectively) and the contralateral projection (r ϭ 0.66, p ϭ 0.352 and r ϭ 0.98, p ϭ 0.013, respectively). Finally, the pattern of immunohistochemical results obtained using the goat anti-c-Fos antibody for FG-IR, Fos-IR, and Fos ϩFG double-labeled cells (Table 1) were qualitatively similar to those obtained with the rabbit anti-cFos antibody (Fig. 4 B-D) . However, as mentioned in the Materials and Methods section, the absolute number of Fos-IR cells was significantly lower in the double-labeling assay using the goat anti-c-Fos antibody (Table 1 ) than in the double-labeling assay using the rabbit c-Fos antibody (Fig. 4C) .
Discussion
We used an ABA renewal procedure (Bouton and Bolles, 1979; Bouton and Swartzentruber, 1991; Crombag and Shaham, 2002) to study the role of glutamatergic projections from ventral mPFC to accumbens shell in context-induced reinstatement of heroin seeking. We found that muscimol ϩ baclofen injections into ventral mPFC combined with SCH 23390 injections into either contralateral or ipsilateral accumbens shell decreased context-induced reinstatement. In contrast, unilateral ventral mPFC muscimol ϩ baclofen injections or unilateral accumbens shell SCH 23390 injections were ineffective. Using the retrograde tracer FG and the neuronal activity marker c-Fos, we found that both ipsilateral and contralateral ventral mPFC neurons that project to accumbens shell are activated during context-induced reinstatement of heroin seeking. We propose that an interaction between glutamatergic projections from ventral mPFC to accumbens shell and local dopamine D 1 postsynaptic receptors contributes to context-induced reinstatement of heroin seeking.
It is unlikely that the effect of either contralateral or ipsilateral drug injections on context-induced reinstatement is due to diffusion into nearby brain sites or motor deficits. We previously found that SCH 23390 injections into accumbens core or muscimol ϩ baclofen injections into dorsal mPFC had no effect on context-induced reinstatement (Bossert et al., 2007 . Additionally, neither contralateral nor ipsilateral combined injections of muscimol ϩ baclofen plus SCH 23390 decreased high-rate food-reinforced responding.
Similar effects of ipsilateral and contralateral drug injections on context-induced reinstatement
The main question arising from the present data is how to interpret the similar inhibitory effects of ipsilateral and contralateral pharmacological manipulations on context-induced reinstatement. The classic interpretation of asymmetrical disconnection studies is based on the premise that learned behaviors can be maintained by an intact single hemisphere and that projections are primarily ipsilateral (Gaffan et al., 1993; Setlow et al., 2002) . However, in our study we found that the ipsilateral manipu- lation also inhibited context-induced reinstatement of heroin seeking. The similar effect of the ipsilateral and contralateral manipulations on contextinduced reinstatement might be due to the effect of muscimol ϩ baclofen on interhemispheric mPFC activity of callosal neurons (Ferino et al., 1987; Carr and Sesack, 1998; Lupinsky et al., 2010) or local intrahemispheric mPFC connectivity (Goldman-Rakic, 1999) . However, these possibilities are unlikely because there was no effect of unilateral mPFC muscimol ϩ baclofen injections on reinstatement.
Another interpretation of the similar effect of ipsilateral and contralateral drug injections on context-induced reinstatement is that this behavior relies on activation of both dense ipsilateral projections and sparse contralateral mPFC-accumbens projections (Sesack et al., 1989; Vertes, 2004) . Support for this hypothesis is provided by our Fos-FG double-labeling data, demonstrating that exposure to the heroin context activates both ipsilateral and contralateral ventral mPFC projections to accumbens shell. However, an issue to consider is that while the proportion of FG-positive neurons that were Fospositive was similar in the ipsilateral and contralateral projections, the total number of FG-Fos double-labeled neurons was higher in the ipsilateral than in the contralateral hemisphere.
How can we reconcile the difference in the number of context-activated neurons in ipsilateral versus contralateral ventral mPFC-accumbens shell projections with the similar behavioral effects of the ipsilateral and contralateral drug injections? Results from our study with the novel Daun02 selective inactivation method (Koya et al., 2009b ) may be relevant. We found that inactivation of a small minority of context-sensitive ventral mPFC Fosactivated neurons mimicked the effect on context-induced reinstatement of muscimol ϩ baclofen inactivation of the entire structure . These results suggest that only a small minority of context-activated mPFC neurons mediate context-induced reinstatement. We speculate that this putative context-encoding mPFC "neuronal ensemble" is comprised of neurons that project to both ipsilateral accumbens shell and contralateral accumbens shell. In agreement with this idea, there is evidence that single cortical neurons send axon collaterals to the ipsilateral and contralateral striatum (Wilson, 1986; Ferino et al., 1987) . It is tempting to speculate that the putative context-encoding ventral mPFC neural ensemble includes these accumbens shell projecting neurons.
However, while we argue that that both ipsilateral and contralateral ventral mPFC-accumbens projections contribute to context-induced reinstatement, there are alternative interpretations of our behavioral data. One is that the ipsilateral and contralateral manipulations merely interfere with behavior during testing to a greater extent than a single unilateral manipulation, independent of the pathway involved. This nonspecific behavioral disruption account of the data is unlikely, however, because neither ipsilateral nor contralateral drug injections decreased high-rate food-reinforced responding.
Another alternative interpretation of our data is that the similar effects of contralateral and ipsilateral manipulations are due to the disruption of communication between ventral mPFC and accumbens shell through an additional brain region via both ipsilateral and contralateral projections. One potential brain region is the ventral tegmental area (VTA). The VTA receives ipsilateral and contralateral glutamatergic projections from mPFC (Beckstead, 1979; Sesack et al., 1989) , and local inhibition of glutamate transmission attenuates context-induced reinstatement of heroin seeking (Bossert et al., 2004) . Additionally, stimulation of mPFC in one hemisphere increases dopamine release in both contralateral and ipsilateral accumbens; this effect is reversed by blockade of VTA glutamate receptors (Karreman and Moghaddam, 1996; You et al., 1998) . Another potential brain region is the ventral subiculum. Inactivation of ventral subiculum blocks contextinduced reinstatement of both heroin (J. M. Bossert, unpublished data) and cocaine (Lasseter et al., 2010) seeking. The ventral subiculum sends glutamatergic projections to both accumbens shell (some of them contralateral) and mPFC and receives indirect ipsilateral and contralateral glutamatergic projections from mPFC via the entorhinal cortex (Groenewegen et al., 1987; Sesack et al., 1989; Jay and Witter, 1991; Insausti et al., 1997; Thierry et al., 2000) . Additionally, there is evidence that accumbens synaptic transmission and certain accumbens-mediated behaviors are controlled by converging projections from ventral subiculum and mPFC (O'Donnell, 2003; Floresco, 2007; Grace et al., 2007) . Thus, our ipsilateral manipulation could potentially disrupt communication between ventral mPFC and contralateral accumbens shell, via interhemispheric projections to VTA and/or ventral subiculum.
Finally, our data on the similar effects of ipsilateral and contralateral manipulations on context-induced reinstatement are in agreement with results from studies in which asymmetrical disconnection procedures were used to assess the role of mPFC projections to either accumbens or amygdala or amygdala projections to accumbens in reinstatement of drug seeking (Fuchs et al., 2007; Peters et al., 2008; Chaudhri et al., 2010; Lasseter et al., 2011) . We suggest that, as in our study, the effects of the ipsilateral manipulations on reinstatement of drug seeking in these studies were due to interruption of interhemispheric communication via contralateral projections.
Different mPFC-accumbens projections control heroin versus cocaine seeking
An influential neuroanatomical framework of drug relapse is that dorsal mPFC (prelimbic, cingulate subregions)-core pathway promotes drug seeking while ventral mPFC (infralimbic region)-accumbens shell inhibits drug seeking after extinction (Peters et al., 2009) . The presumed excitatory role of dorsal mPFC-accumbens core projection in drug relapse is primarily based on results from studies in which cocaine-trained rats were exposed to cocaine priming (McFarland and Kalivas, 2001) for a selective role of accumbens shell dopamine in cocaine priming-induced reinstatement. The inhibitory role of ventral mPFC-accumbens shell projection is based on results demonstrating that reversible inactivation of ventral mPFC or ipsilateral or contralateral inactivation of its projection to accumbens shell reinstates cocaine seeking or potentiates spontaneous recovery after extinction (Peters et al., 2007; Peters et al., 2008) . There is also recent evidence for a role of ventral mPFC and accumbens shell in inhibition of alcoholic beer seeking after extinction (Marchant et al., 2010; Millan et al., 2010 Millan et al., , 2011 and suppression of nonreinforced responding during a discrimination task in sucrose-trained rats (Ghazizadeh et al., 2012) .
Our data on the role of ventral mPFC-accumbens shell projection in context-induced reinstatement of heroin seeking, as well as our previous data on the roles of accumbens shell but not core (Bossert et al., 2006a (Bossert et al., , 2007 and ventral but not dorsal mPFC in this reinstatement, suggest that the dichotomy of mPFC-accumbens projections for inhibition versus promotion of drug relapse (Peters et al., 2009) does not apply to heroin. In support of this conclusion, Rogers et al. (2008) reported that inhibition of ventral mPFC neurons with muscimolbaclofen attenuates discrete cue-and heroin priming-induced reinstatement of heroin seeking; but see Van den Oever et al. (2008) and Schmidt et al. (2005) for different results.
Concluding remarks
We combined a variation of an established asymmetrical disconnection procedure with retrograde tracing and Fos immunohistochemistry to demonstrate that activation of the bilateral ventral mPFC projections to accumbens shell contributes to contextinduced reinstatement of heroin seeking via an interaction with local postsynaptic dopamine D 1 receptors. Our present and previous findings suggest that while there are some similarities in the brain sites and circuits controlling reinstatement of heroin versus cocaine seeking (Alvarez-Jaimes et al., 2008; LaLumiere and Kalivas, 2008; Rogers et al., 2008) , there are also some fundamental differences (Crombag et al., 2008; Badiani et al., 2011) . These findings extend previous reports demonstrating that cocaineand heroin-taking behaviors are mediated by different mechanisms (Ettenberg et al., 1982; Mello and Negus, 1996; Celentano et al., 2009; Badiani et al., 2011) and have implications for future studies on mechanisms of drug relapse and relapse prevention across drug classes.
